We report a high-power picosecond optical parametric oscillator (OPO) synchronously pumped by a Yb fiber laser at 1:064 μm, providing 11:7 W of total average power in the near to mid-IR at 73% extraction efficiency. The OPO, based on a 50 mm MgO:PPLN crystal, is pumped by 20:8 ps pulses at 81:1 MHz and can simultaneously deliver 7:1 W of signal at 1:56 μm and 4:6 W of idler at 3:33 μm for 16 W of pump power. The oscillator has a threshold of 740 mW, with maximum signal power of 7:4 W at 1:47 μm and idler power of 4:9 W at 3:08 μm at slope efficiencies of 51% and 31%, respectively. Wavelength coverage across 1:43-1:63 μm (signal) and 4:16-3:06 μm (idler) is obtained, with a total power of~11 W and an extraction efficiency of~68%, with pump depletion of~78% maintained over most of the tuning range. The signal and idler output have a single-mode spatial profile and a peak-to-peak power stability of AE1:8% and AE2:9% over 1 h at the highest power, respectively. A signal pulse duration of 17:3 ps with a clean single-peak spectrum results in a time-bandwidth product of~1.72, more than four times below the input pump pulses. © 2010 Optical Society of America OCIS codes: 190.7110, 190.4970, 160.3730, 320.5390. Synchronously pumped optical parametric oscillators (OPOs) are versatile sources of tunable highrepetition-rate ultrashort pulses in spectral regions inaccessible to mode-locked lasers. In picosecond (ps) operation, such OPOs are of particular interest for applications where high average powers and a compromise between short pulse durations and narrow spectral bandwidths are required [1, 2] . An important factor in the development of ps OPOs is the exploitation of practical high-power ps laser pump sources. Mode-locked Nd:YAG lasers near 1:06 μm have, in the past, provided viable pumping platforms for ps OPOs [3-6] but suffer from large size, bulkiness, and lack of simplicity, even in diode-pumped configurations. For further progress in ps OPOs, it is desirable to minimize system size, complexity, and cost while maintaining or enhancing overall device performance with regard to all-important operating parameters. One strategy to achieve this goal is the exploitation of mode-locked fiber lasers, providing unprecedented optical powers and high temporal, spectral, and spatial beam quality with highly competitive performance capabilities but in far more simplified, robust, compact, portable, and cost-effective architectures. Fiber lasers also offer increased immunity from environmentally induced thermal effects over bulk solid-state lasers, resulting in overall improvement in OPO output stability.
Synchronously pumped optical parametric oscillators (OPOs) are versatile sources of tunable highrepetition-rate ultrashort pulses in spectral regions inaccessible to mode-locked lasers. In picosecond (ps) operation, such OPOs are of particular interest for applications where high average powers and a compromise between short pulse durations and narrow spectral bandwidths are required [1, 2] . An important factor in the development of ps OPOs is the exploitation of practical high-power ps laser pump sources. Mode-locked Nd:YAG lasers near 1:06 μm have, in the past, provided viable pumping platforms for ps OPOs [3] [4] [5] [6] but suffer from large size, bulkiness, and lack of simplicity, even in diode-pumped configurations. For further progress in ps OPOs, it is desirable to minimize system size, complexity, and cost while maintaining or enhancing overall device performance with regard to all-important operating parameters. One strategy to achieve this goal is the exploitation of mode-locked fiber lasers, providing unprecedented optical powers and high temporal, spectral, and spatial beam quality with highly competitive performance capabilities but in far more simplified, robust, compact, portable, and cost-effective architectures. Fiber lasers also offer increased immunity from environmentally induced thermal effects over bulk solid-state lasers, resulting in overall improvement in OPO output stability.
Another pivotal factor in the realization of practical ps OPOs is the exploitation of suitable nonlinear materials capable of withstanding the large average powers while providing long interaction lengths under noncritical interaction for maximum nonlinear gain, and extended phase matching over wavelength regions of interest. Such simultaneous requirements are met uniquely by quasi-phase-matched (QPM) nonlinear crystals. Among them, periodically poled LiNbO 3 (PPLN) with high nonlinearity (d eff ∼ 17 pm=V), long interaction lengths (up to 80 mm), and transparency up to ∼5 μm has been established as the most effective material at high average powers in the IR [6] . PPLN is susceptible to photorefractive damage when exposed to high levels of near-IR light, resulting in the generation of significant non-phasematched visible radiation, which can lead to output power degradation and instability. However, heating the crystal to above 150°C or doping with MgO [7, 8] can effectively overcome this problem.
In earlier work, a PPLN-based OPO driven by 270 fs pulses at 54 MHz from a femtosecond Yb fiber laser was reported with a maximum average signal power of 90 mW in 330 fs pulses over the 1:55-1:95 μm range for 410 mW of pump power [9] . Later, a ps OPO based on MgO:PPLN pumped by 437 fs pulses from an Yb fiber laser at 15:3 MHz was demonstrated [10] , providing 1:5 ps signal pulses over the 1:42-1:56 μm range with a maximum average power of 1:09 W at 17% extraction efficiency for 6:4 W of pump power. More recently, an MgO:PPLN ps OPO pumped by a fiber-amplified gainswitched laser diode at 114:8 MHz was reported [11] , providing 17 ps signal pulses over the 1:4-1:7 μm range with a maximum average power of 7:3 W at 1:54 μm and 3:1 W at 3:4 μm at 43.3% total extraction efficiency for 24 W of pump power. Here, we report efficient and stable operation of a Yb-fiber-laser-pumped ps OPO based on MgO: PPLN at multiwatt signal and idler power levels with much improved extraction efficiency. We extract a total average power of up to 11:7 W (7:1 W of signal at 1:56 μm and 4:6 W of idler at 3:33 μm) at 73% extraction efficiency in high spectral and spatial beam quality with excellent output power stability.
A schematic of the experimental setup is shown in Fig. 1 . The pump source was a passively mode-locked ps Yb fiber laser (Fianium, FemtoPower FP1060-20), delivering up to 20 W of average power at 81:1 MHz at 1:064 μm. The pump pulses had a duration of 20:8 ps (FWHM) and a double-peak spectrum with a bandwidth of 1:38 nm (FWHM), resulting in a time-bandwidth product of ΔτΔν ∼ 7:6, many times the transform limit. The 5 mol:% MgO:PPLN crystal (HC Photonics, Taiwan) was 50 mm long and 1 mm thick, with five gratings, ranging in period from 28.5 to 30:5 μm. The crystal faces were antireflection coated for signal (R < 1% over the range of 1:45-1:75 μm), with high transmission for pump (T > 97%) and idler (T > 95:5% over 3-4:2 μm). The crystal was housed in an oven with a stability of AE0:1°C, and its temperature could be adjusted from room temperature to 200°C. The pump was focused to a beam waist radius of ∼45 μm at the center of the crystal, resulting in a focusing parameter of ξ ∼ 1:94. The OPO cavity was a four-mirror standing wave, comprising two concave mirrors with CaF 2 substrates (M1 and M2, r ¼ 20 cm) and a plane mirror (HR), all highly reflecting for signal (R > 99:9% over 1:4-1:7 μm) and highly transmitting for pump (T ∼ 92%) and idler (T > 80% over 3-4:2 μm). The signal output was extracted through a plane output coupler (OC), while the idler and undepleted pump were measured after M2. The cavity configuration resulted in a signal beam waist radius of ∼54 μm inside the crystal, providing optimum overlap with the pump (b p -b s ).
We investigated power scaling of the OPO by deploying a wide range of output couplers for the signal from ∼3% to ∼55%. Figure 2 shows the average signal and idler output powers extracted from the OPO versus the pump power at the input to the crystal. The data were obtained at a 1:47 μm (signal) and 3:08 μm (idler), corresponding to the output coupling of ∼55% and ∼42%, respectively, for which maximum power was obtained in each case for the highest input power. Because of ∼20% overall loss through the optical isolator and transmission optics, the maximum pump power at the input to the crystal was 16 W. The signal and idler output power increase linearly with pump power with external slope efficiencies of 51% and 31%, respectively, reaching 7.4 and 4:9 W at 16 W of pump. Also shown in Fig. 2 is the pump depletion, which in both cases increases rapidly at lower powers, before reaching ∼82% and remaining almost constant up to the maximum input pump power. The average pump power threshold for the OPO is 740 mW.
Wavelength tuning was achieved by varying the crystal temperature for different grating periods, resulting in signal coverage over 1:43-1:63 μm and corresponding idler range over 4:16-3:06 μm. Figure 3 shows the average signal, idler, and total power, and the corresponding extraction efficiency, pump depletion, and output coupling across the tuning range at 16 W of pump power. Because of wavelength dependence, the output coupler transmission varies from ∼44% at the shortest signal wavelength of 1:43 μm to ∼55% at 1:47 μm and then decreases to ∼42% at 1:63 μm. The signal output power and efficiency closely follow the output coupling with a maximum power of 7:4 W at 1:47 μm for the highest output coupling of 55%. The signal output power and extraction efficiency still remain at ∼7 W and ∼43% over almost the entire tuning range, except below 1:45 μm due to the rise in the reflection losses of crystal coatings (from 0.5% to 1%). Similarly, with the increased crystal coating losses at longer idler wavelengths (from 2.6% at 3:1 μm to 4.5% at 4:2 μm), idler power also experiences a drop, with the highest output power of 4:9 W at 3:08 μm, and more than 2 W available at 4:16 μm. The combined signal and idler power remains at ∼11 W across most of the tuning range at ∼68% extraction efficiency, except below 1:45 μm, with a nearly constant pump depletion of ∼78%. The extraction efficiency of ∼68% is very close to the pump depletion of ∼78%, implying that the total obtained power is already very close to the maximum attainable output from the device. The highest total average power is 11:7 W, obtained at 1:56 μm, with a corresponding extraction efficiency of 73%.
Temporal measurements of signal pulses were performed using two-photon intensity autocorrelation. Figure 4 shows a typical intensity autocorrelation and spectrum at 1:47 μm, where the OPO delivered the highest signal power. The deconvolved FWHM pulse duration is 17:3 ps (assuming a sech 2 pulse shape). The spectrum is a clean single peak with an FWHM bandwidth of 0:72 nm, resulting in a time-bandwidth product of 1.72. This is nearly 4.5 times lower than the value of 7.6 for the pump pulses. The substantial reduction in signal bandwidth is due to the narrow spectral acceptance of the long crystal used in our experiment. The spectral acceptance bandwidth of MgO:PPLN varies from ∼1:8 nm:cm at 1:43 μm to ∼1:5 nm:cm at 1:63 μm, resulting in 0:3-0:36 nm for the 50 mm crystal, thus leading to the bandwidth reduction and spectral cleaning from the double-peak pump to a smooth single-peak signal. Further reductions in signal bandwidth can also be obtained by using frequency selection elements, such as intracavity etalons [6] , which will result in time-bandwidth products closer to the transform limit.
The power stability of the signal at 1:47 μm and idler at 3:08 μm at the highest input pump power are shown in Fig. 5 . The MgO:PPLN crystal and the concave mirrors (M1 and M2) were isolated from laboratory air by an enclosure in a Perspex box with four openings to allow entrance of the input pump beam and extraction of signal, idler, and the undepleted pump. The signal and idler exhibited excellent passive peak-to-peak power stability of AE1:8% at 7:4 W and AE2:9% at 4:9 W over 1 h, respectively. The stability could be further enhanced by more stringent mechanical and thermal isolation of the system using better mirror mounts and improved oven design to minimize the air flow over the crystal. The measured spatial profile of the signal and idler beams at 1.47 and 3:08 μm, respectively, is shown in the inset of 
